A bioassay for nucleopolyhedrovirus of Bombyx mori L. (BmNPV) that discriminates the pathogenicity caused by the occlusion derived virus (designated as ODV) from that caused by the viral occlusion body has been developed. Suspensions of the ODV of BmNPV and the viral occlusion body were incubated with sodium ascorbate in various conditions and pathogenicity of the suspensions was bioassayed by using silkworms that had fed on a diet containing Polyoxin AL wettable powder (designated as Polyoxin AL), as an enhancer for BmNPV, prior to this bioassay. An incubation condition that inactivates the ODV but has no effect on the viral occlusion body was determined. The ODV released from the occlusion body by alkalinization was inactivated effectively in incubation with 9.1% (w/w) sodium ascorbate (pHϭ9.2) for 120 min at 26°C. In contrast, incubation at pHϭ7.4 without sodium ascorbate had little effect on the ODV. The viral occlusion body was not affected by either condition. Feces of the 4th stadium silkworm that were excreted after ingesting the viral occlusion body were collected and their pathogenicity was bioassayed after incubating them at pHϭ9.2 with 9.1% sodium ascorbate or at pHϭ7.4 without sodium ascorbate. Feces that were excreted by larvae just after ingesting the viral occlusion body contained pathogenicity caused only by the free virion, while feces excreted by larvae just before the liquefaction of the larval body by viral infection, which occurred 5 d after the viral inoculation, contained a high degree of pathogenicity caused by the viral occlusion body.
INTRODUCTION
Insect viruses are a research target in the study of agricultural crop protection and sericultural silkworm pathology. Baculoviruses such as nucleopolyhedroviruses (NPVs) are used in pest control (Shieh, 1989; Moscardi, 1999) . The NPV infecting a silkworm, Bombyx mori, (BmNPV) is one of the major pathogens causing a serious damage to sericulture. The detective method of NPVs functions as an essential tool in the above studies. In BmNPV pathology, immunological assays using an antibody or an antiserum developed against the virus (see Arakawa, 1994) , a molecular biological assay detecting the viral DNA sequences based on PCR techniques (Noguchi et al., 1994 (Noguchi et al., , 1995 and a hypersensitive bioassay utilizing a silkworm previously treated by a chitin synthesis inhibitor (Arakawa and Nozawa, 2005) have been developed. NPVs have two viral phenotypes in their life cycle, that is, an occlusion derived virus (ODV) and a budded virus. ODVs are packed in a viral occlusion body that protects the virus within it in the natural environment. A viral occlusion body ingested by a host insect with diet dissolves in the host's alimentary canal by the function of alkaline gut juice and releases the ODV. The released ODVs attack the host's midgut cells, which start a new infectious cycle in the host. A budded virus buds from already infected host cells into the hemocoel, flows in the hemolymph and invades a new cell that is not infected yet, leading to a systemic infection. The viral occlusion body, ODV and budded virus are possible targets to be detected in insect pathological research. However, the detection methods of NPV already reported are insufficient in terms of strictness in discriminating the above viral forms. Detecting the viral occlusion body is particularly important epidemiologically because the occlusion body is primarily related to the prevalence of the disease. Microscopical techniques using fixation by picric acid and Gimsa's stain detect the occlusion body of NPVs, not the free virion (a released ODV and a budded virus), and discriminate it from the occlusion body of cypovirus (Evans and Shapiro, 1997) . This method, however, is not able to identify the viral species. Occlusion bodies of many NPV species are detected indiscriminately. Previously, a hypersensitive bioassay to detect BmNPV was reported (Arakawa and Nozawa, 2005) . In that report silkworm larvae ingesting a diet containing Polyoxin AL wettable powder (designated as Polyoxin AL) were used to detect BmNPV. Polyoxin AL serves as an effective enhancer of BmNPV infection. That assay is able to detect the BmNPV even at an extremely low dose. However, it does not discriminate between the viral occlusion body and the free virion. Arakawa and Nozawa (2005) detected the pathogenicity of BmNPV in the sericultural farmhouse dust containing silkworm feces, and they could not determine which caused the pathogenicity, the occlusion body or the ODV. In the present study a bioassay for BmNPV that discriminates the pathogenicity caused by the free virion from that caused by the viral occlusion body was developed by altering the bioassay by Arakawa and Nozawa (2005) . This newly developed assay utilized sodium ascorbate to inactivate the free virion and to retain only the viral occlusion body intact. Sodium ascorbate inactivates the BmNPV budded virus in vitro (Nagata et al., 2003) by producing reactive oxygen species in its autoxidation in the presence of oxygen (Murata and Kato, 1990) .
This study was performed as follows. 1: An in vitro incubation procedure that effectively inactivates only the free virion which was suspended in buffer was developed. 2: It was shown that the above procedure inactivated the free virion effectively even in a muddy suspension of silkworm feces. Silkworm feces excreted after an ingestion of the viral occlusion body were then analyzed for their pathogenicity by using this newly developed assay as follows. 3: At first, whether or not all ODVs that were released from the ingested occlusion bodies were inactivated while passing through the gut was examined by assaying feces excreted just after a viral inoculation. 4: Next, it was examined which factor is more important for generating the above fecal pathogenicity, the viral dose inoculated or establishment of a lethal infection in the host. 5: Finally, the feces excreted just before liquefaction of the infected host body, which was 5 d after the viral inoculation, were analyzed for their pathogenicity.
MATERIALS AND METHODS
Insects and virus. Silkworm larvae (Fuyohϫ Tohkai) were reared on an artificial diet, Silkmate 2S (Nihon Nohsan Kogyo, Ltd., Yokohama), at 25°C with a long-day photoperiod (16L:8D). BmNPV (strain A505) was proliferated in silkworm larvae, and the viral occlusion body was obtained (Arakawa, 2002) . This strain was originally cloned by Dr. S. Maeda from a diseased silkworm obtained at a sericultural farmhouse and gifted to Dr. K. Taniai (personal communication from Dr. K. Taniai at NIAS), and has been maintained for more than 15 years at this institute (NIAS) using the host, B. mori.
Inactivation of the ODV released from the occlusion body. An incubation condition that effectively inactivates the BmNPV free virions was determined. The occlusion body (OB) of BmNPV was suspended in 20 mM phosphate-buffered saline (PBS, pHϭ7.4) at 2.53ϫ10 5 OBs/ml. Aliquots from this suspension were mixed with the same volume of 2% sodium carbonate and shaken gently for 10 min at 26°C, which resulted in the dissolution of the occlusion body and release of the ODV. Crystals of monosodium phosphate were added to the suspension to adjust the pH to 7.4 or 9.2. Sodium ascorbate, an inactivator of a virus, was or was not added to the suspension at 4.8 or 9.1% (w/w). These suspensions were incubated for 60 or 120 min at 26°C on a shaker. The precise incubation conditions are shown in Table 1 . Ten-fold dilution series were made from the suspension with 20 mM PBS (pHϭ7.4), and the pathogenicity was assessed by a bioassay (Arakawa and Nozawa, 2005) with slight modifications as follows. A piece of a diet, Silkmate 2S, of about 3 g was immersed in the diluted viral suspension series and then put on a filter paper in a 120 ml plastic cup. Newly exuviated 3rd stadium larvae were fed with the sur-face-contaminated diet (10 larvae/cup) after they had been fed with a diet containing 0.5% Polyoxin AL (Kaken Pharmaceutical Ltd., Shizuoka, Japan) which consists of 10% Polyoxin complex and 90% additives. Two days later, about 4 g of fresh diet was supplied into the cup, and the larvae were reared for four more days. The larvae that had died by viral infection were counted, and the occlusion body of BmNPV was examined in the carcass microscopically. Silkworm larvae treated by Polyoxin AL were used to assess the pathogenicity throughout this study. A suspension of BmNPV occlusion body mixed with 20 mM PBS (pHϭ7.4) instead of 2% sodium carbonate in which the occlusion body was intact served as a control.
Effects of sodium ascorbate on BmNPV in a condition contaminated by silkworm feces. The effects of sodium ascorbate on BmNPV were examined using a viral suspension contaminated by silkworm feces. Feces of the 4th stadium silkworm larvae that had been reared with Silkmate 2S were added to saline containing 100 mM sodium pyrophosphate and 10 mM monosodium phosphate (pHϭ9.2, designated as pyrophosphate saline) at about 3% (w/w) and agitated for 20 min on a vortex mixer, resulting in a muddy suspension of the broken feces. BmNPV occlusion bodies were dispersed in the muddy suspension at 1.26ϫ10 5 OBs/ml and the suspension was divided into four aliquots and processed as follows. 1: It was shaken gently for 140 min at 26°C without any other treatment. 2: Sodium ascorbate was added to the suspension at 9.1% (w/w) after it was incubated for 20 min without any treatment, and then shaken gently for 120 min more. 3: Sodium carbonate was added to the suspension at 1% (w/w) and shaken gently for 140 min. 4: Sodium carbonate was added to the suspension at 1% (w/w) and incubated for 20 min. Then, sodium ascorbate was added to the suspension at 9.1% (w/w) and shaken gently for 120 min more. pH of the suspensions 3 and 4 was adjusted to 9.2 by monosodium phosphate at 20 min after the onset of incubation. These four suspensions were assessed for pathogenicity by bioassay as above. The assay of suspensions 2 and 4 shows the effect of sodium ascorbate on the intact occlusion body and on the ODV, respectively. In addition to sodium carbonate, calcium hydroxide was used to dissolve the occlusion body, as it is known as an antiseptic of sericultural use (Kayamura and Aratake, 1977) . A muddy suspension of feces containing the occlusion body at 2.53ϫ10 5 OBs/ml was prepared, and four aliquots from the suspension were mixed with the same volume of distilled water (DW, suspensions 1 and 2) or saturated calcium hydroxide in DW (suspensions 3 and 4) resulting in the final concentration of the occlusion body at 1.27ϫ10
5 OBs/ml. pH of suspensions 3 and 4 was adjusted to 9.2 after 20 min incubation, sodium ascorbate was added to suspensions 2 and 4, and the pathogenicity of the suspensions was assessed as above.
Pathogenicity in larval feces excreted after ingesting the viral occlusion body.
Experiment 1. Bioassay of viral paste. Dried mulberry leaf powder was mixed with 2.5 times weight of 5% (w/w) sucrose as a feeding stimulant for the silkworm. BmNPV occlusion bodies were added to the mixture at 5.96ϫ10
6 OBs/g (designated as viral paste). The paste (0.1 g) was added to 3 ml of 20 mM PBS (pHϭ7.4) and shaken for 20 min on a vortex mixer, resulting in dispersion of the broken viral paste in a suspension. Then tenfold dilution series were made from the suspension with the same buffer and the pathogenicity was bioassayed. Twenty larvae were used to assess each of the dilutions. A paste without the virus was similarly assayed.
Experiment 2. Pathogenicity in larval feces excreted just after ingesting the viral occlusion body. Viral paste the same as in experiment 1 was fed to newly exuviated 4th stadium silkworm larvae after they had been starved for about 24 h. Just after feeding the viral paste for 2 h the larvae were immersed in a washing solution containing 0.1% Tween 20 plus 1% sodium carbonate and shaken by hand using forceps to wash out the viral occlusion body contaminating on the larval body surface and then rinsed in tap water. The washed larvae were fed with a fresh artificial diet, Silkmate 2S, on a wet filter paper in a plastic cup. Four hours later, feces in the cup were collected. A little over 0.2 g of feces were obtained from 20 larvae. The pathogenicity of the feces was assessed in conditions that were both harmful and harmless to the free virions. An aliquot of 0.1 g feces was suspended in 3 ml 20 mM PBS (pHϭ7.4) and shaken for 20 min on a vortex mixer. Then ten-fold dilution series were made from the suspension with the same buffer and the pathogenicity was bioassayed. An-other aliquot of 0.1 g feces was suspended in 3 ml of pyrophosphate saline (pHϭ9.2) containing 9.1% (w/w) sodium ascorbate and shaken for 2 h. Then ten-fold dilution series were made from the suspension with the same saline but lacking sodium ascorbate and the pathogenicity was bioassayed. Feces excreted by normal larvae that were not inoculated with the virus were similarly assayed.
Experiment 3. Effects of decreasing the viral dose on the pathogenicity in feces. Two types of viral paste were prepared, that is, the paste with and without an optical brightener, Tinopal UNPA-GX (Sigma Ltd., St. Louis, MO; designated as Tinopal). When eaten by silkworm larvae, Tinopal destroys the larval intestinal peritrophic membrane and promotes the infection of BmNPV (Arakawa et al., 2000) . The viral occlusion body was added to the viral paste at 4.50ϫ10 3 OBs/g. Tinopal was or was not added at 1% (w/w) in the paste. Feeding of the silkworm with the viral paste and collection of feces were performed as in experiment 2. Ten-fold dilution series of the feces suspension were prepared with 20 mM PBS (pHϭ7.4) and the pathogenicity was bioassayed. Sodium ascorbate was not used here.
Experiment 4. Pathogenicity in larval feces excreted just before death by NPV. Feces of silkworm larvae excreted just before their death by NPV infection were assessed for pathogenicity. Twelve silkworm larvae were fed with a viral paste containing the BmNPV occlusion body at 1.78ϫ10 8 OBs/g for 24 h on the first day in the 4th stadium. This viral dose was higher than that in former experiments, which resulted in 100% infection. Then they were reared in 120 ml plastic cups (6 larvae/cup) at 26°C with a fresh artificial diet from the 2nd day after their body surface was washed as in experiment 2. The cups and diet were replaced by new ones everyday and the feces in the cup were also discarded. Five days after the viral inoculation, feces in the rearing cup were collected, when the larvae were just before liquefaction by viral infection. Feces from a cup containing larvae whose skin had not torn yet were assayed for pathogenicity as in experiment 2. A cup containing a larva with tearing skin was discarded because the hemolymph leaking from the body surface injury containing the viral occlusion body contaminated the feces in the cup. When all larvae in the both cups did not tear, one cup was selected at random.
In experiments 1 to 4, the median lethal concentration (LC 50 ) of the suspension was determined by probit analysis using a computer program PriProbit (ver. 1.63) designed by Dr. M. Sakuma, Kyoto University, Kyoto, Japan. The LC 50 was based on the dilution extent of the suspension, not on the number of the occlusion bodies. All or nothing model (natural response rateϭ0, natural immunity rateϭ 0) was used for LC 50 determination.
RESULTS

Inactivation of the ODV released from the occlusion body
The effects of incubation condition on the ODV are shown in Table 1 . Three types of experiments (exp. 1 to 3 in Table 1 ) with two replicates each were performed. At first, the virions were not inactivated completely in incubation for 60 min with 4.8% (w/w) ascorbate at pHϭ7.4 (exp. 1). A longer incubation for 120 min inactivated the virions more effectively (rep. 2 in exp. 2) but not completely (rep. 1 in exp. 2). In addition to the prolongation of the incubation period, the ascorbate concentration was increased to 9.1% (exp. 3). The viral activity was lowered below the detection limit in this condition.
Effects of sodium ascorbate on BmNPV in a condition contaminated by silkworm feces
The effects of sodium ascorbate on the BmNPV occlusion body and the ODV are shown in Table 2 . The occlusion body was not inactivated in incubation for 120 min even with sodium ascorbate (susp. 2 in all experiments). A substantial degree of pathogenicity remained after the occlusion body was dissolved by sodium carbonate and incubated without any more treatments (susp. 3 in rep. 1 to 3). A trace of pathogenicity was detected even after treatment by calcium hydroxide (susp. 3 in rep. 1 and 2). These pathogenicities were lowered below the detection limit by sodium ascorbate (susp. 4).
Pathogenicity in larval feces excreted after ingesting the viral occlusion body
The results of experiments 1 to 4 in this section are arranged together in Table 3 for convenience despite their being independent experiments. Based on the above results, 20 mM PBS (pHϭ7.4) was used to retain the activity of the free virions. Py-rophosphate saline (pHϭ9.2) with 9.1% sodium ascorbate was used to inactivate the free virions and to retain the pathogenicity caused by only the viral occlusion body.
A paste without the viral occlusion body showed no pathogenicity. The viral occlusion body mixed in viral paste was detected by this assay (exp. 1). No significant differences were detected between LC 50 values of three replicates (Table 4) . Feces excreted by larvae just after ingesting the viral occlusion body contained a substantial amount of pathogenicity (exp. 2). Incubating the feces with sodium ascorbate resulted in the disappearance of this pathogenicity.
Feces excreted by normal larvae that were fed only with Tinopal without the virus showed no pathogenicity. When the larvae ingested a decreased dose of the occlusion body their feces showed no pathogenicity (exp. 3). In this case, 20 to 50% larvae were successfully infected. The same result was obtained even when the viral infection rate was increased up to 100% by Tinopal 
treatment.
Feces excreted by larvae immediately before the liquefaction of their body by viral infection contained a high degree of pathogenicity (exp. 4). The pathogenicity was not affected by incubating the feces with sodium ascorbate. No significant difference was detected between the samples with and without ascorbate treatment (Table 4) .
DISCUSSION
A bioassay for BmNPV that discriminates the pathogenicity caused by the free virion from that caused by the viral occlusion body was developed. Incubating a sample in phosphate buffer at pHϭ7.4 had little effect on the pathogenicity caused not only by the viral occlusion body but also by the ODV. Thus, a short time incubation at pHϭ7.4 is recommended for retaining the pathogenicity of the free virions in vitro. In a bioassay for BmNPV by Arakawa and Nozawa (2005) , saline at pHϭ9.2 was used. Inactivation of viruses occurs along with autoxidation of ascorbate in the presence of oxygen (Murata and Kato, 1990) . Since the pH of the solution affects the autoxidation speed of chemicals, the effects of sodium ascorbate on the free virion were also examined at pHϭ9.2. Incubating a sample with 9.1% (w/w) sodium ascorbate in a pyrophosphate saline (pHϭ9.2) for 120 min at 26°C resulted in disappearance of the pathogenicity 444 T. ARAKAWA Table 2 . Effects of sodium ascorbate on BmNPV occlusion body and ODV discharged from the occlusion body in a condition contaminated by silkworm feces
Number of larvae infected with NPV in a bioassay a Na 2 CO 3 and Ca(OH) 2 were used to make the suspension alkaline in experiment 1 and 2, respectively. b Suspensions of BmNPV occlusion bodies contaminated by silkworm feces were incubated with (3 and 4) or without (1 and 2) 1% (w/w) Na 2 CO 3 or half-saturated Ca(OH) 2 . c Sodium ascorbate was (2 and 4) or was not (1 and 3) added to the suspension at 9.1% (w/w). Pathogenicity of each of these suspensions was assessed by limiting dilution assay. d Ten larvae each were used to assay each of the diluted suspensions.
caused by the ODV while the pathogenicity due to the viral occlusion body was not affected by this treatment. This result suggested that sodium ascorbate served as an effective inactivator not only of the budded virus (Nagata et al., 2003) but also of the ODV. These results suggest that the pathogenicity caused by the free virion and that by the viral occlusion body could be discriminated by utilizing sodium ascorbate. Utilizing this newly developed assay it was shown that larval feces excreted just after ingestion of the viral occlusion body contained only a pathogenicity that disappeared by incubating them with sodium ascorbate. This suggests the presence of free virions in that feces. On the other hand, feces that were excreted just before death by viral infection, which was 5 d after the viral inoculation, contained a high degree of pathogenicity that resisted the treatment by sodium ascorbate, which suggested the presence of the viral occlusion body. This assay should not only become an effective tool to study the epidemiology of insect viruses but also contribute to the progress of fundamental pathology.
Sodium ascorbate inactivates viruses by a hydroxyl radical generated in its autoxidation in the presence of oxygen (Murata and Kato, 1990) . The occlusion body of BmNPV protected the virions inside while in incubation with sodium ascorbate. This implies a protective potential of the occlusion body against an attack by the hydroxyl radical. This bioassay will be able to detect the pathogenicity caused by the viral occlusion body in a 445 Bioassay for BmNPV Table 3 . Pathogenicity in feces that were excreted by larvae after they had been fed the viral occlusion body of BmNPV Homogeneity of the estimates were examined by using Pearson's chi-square test on the Sum of Squares except for the data of replicate 3 in experiment 4.
Likelihood ratio chi-square test was used for that data because heterogeneity of the data (no, rep. 3, exp. 4) was large (pϽ0.05) when examined by Pearson's test.
sample, while it does not always provide information on the free virion contaminating the sample. It is logically expected that the difference of pathogenicity between aliquot suspensions with and without sodium ascorbate indicates pathogenicity owing to the free virion. However, some aspects of this assay should be considered as follows. The viral titer (LC 50 ) of this assay was determined on the basis of the infection rate of the host larvae treated by the sample. A slight increase of infection rate requires a higher increase of viral dose. If the free virions produce almost all pathogenicity in a given sample, as is the case with larval feces excreted just after the ingestion of the viral occlusion body, the present method is undoubtedly able to detect the pathogenicity effectively. However, a trace of contamination of the free virion in a huge amount of the occlusion body could not be detected. Keddie et al. (1989) reported that the gut cell of Trichoplusia ni infected by Autographa californica MNPV sloughed off into the gut lumen and subsequently this tissue recovered. The infected gut cells that sloughed off were observed on feces (personal communication from Prof. Volkman, L. E. at University of California, CA). In the present study the free virion was detected in feces that were excreted just after the viral inoculation. The origin of that virion in feces should be considered. If the virions are the ones themselves released from the dissolved occlusion body and passing through the gut and being excreted with feces before they were inactivated by the gut juice, the viral titer in the feces would be influenced strictly by the viral dose inoculated. In the present study the viral titer in feces was influenced by the inoculated viral dose. No pathogenicity was detected in feces from the larvae receiving a low viral dose although 20 to 50% of the larvae were infected successfully. Similar results were obtained even when all the larvae were infected by using Tinopal. These results also suggested that lethal infection was not necessarily required for generating the fecal pathogenicity. Raghow and Grace (1974) studied the multiplication kinetics of BmNPV in a cell line derived from B. mori. They revealed that the virus did not multiply in the first 12 h after inoculation of the virus. In the present study, feces were collected at 6 h after onset of the viral inoculation. Thus, the virions in the above feces would be the ones themselves released from the inoculated occlusion bodies. This scheme is, however, still in a hypothesis. There has been no study of the virus-host interaction such as a sloughing off of the infected cells in B. mori. Physiological events occurring in the gut with BmNPV infection should be investigated precisely.
By comparing the pathogenicity of the feces excreted just after viral inoculation with that of the viral paste used for oral inoculation, it is recognized that the majority but not all of the ingested virus is inactivated while passing through the gut. The silkworm, B. mori, has antiviral mechanisms that operate in the gut lumen against BmNPV (Hayashiya et al., 1978; Uchida et al., 1984; Funakoshi and Aizawa, 1989; Ponnuvel et al., 2003; Nakazawa et al., 2004) . The above results indicate that the antiviral mechanisms in the gut are not perfect in destroying the virus.
Using a cabbage armyworm, Mamestra brassicae, Vasconcelos (1996) showed that NPV pathogenicity appeared in feces excreted during the late stage of viral infection. On the other hand, he observed that feces excreted in the first 3 d after the viral inoculation had no pathogenicity, which is inconsistent with the results of the present study with feces excreted just after the viral inoculation. There are two possible reasons for this discrepancy as follows. 1: The bioassay used by Vasconcelos (1996) was so insensitive that could not detect the virus at a low dose. In the present study a highly sensitive bioassay by Arakawa and Nozawa (2005) utilizing Polyoxin AL was used. 2: All free virions released from the occlusion body were inactivated completely while passing through the gut lumen. Further investigations using many other virus-host systems are needed for comprehensive understanding of the events occurring in the gut.
